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Abstract
We analyzed variations in long (L)- and middle (M)-wavelength-sensitive opsin gene loci in crab-eating monkeys. Unlike humans,
most monkeys have a single L and a single M gene. Two variant genotypes, one with only one opsin gene (dichromatic) and one with
tandemly arrayed multiple genes, were also found in the monkeys. However, the frequency of the former was 0.47%, and that of the
latter was 5% in the monkeys, while 2% and 66%, respectively, in Caucasian males. The two variants were found only in Java Island,
Indonesia, and South Thailand, respectively. The data suggest that the frequency of each genotype is diﬀerent among Old World
primates.  2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Old World primates have trichromatic color vision
due to three types of cone opsins, each of which is
maximally sensitive to either short (S), middle (M) or
long (L) wavelengths (Bowmaker, Astell, Hunt, &
Mollon, 1991; Bowmaker, Dartnall, Lythgoe, & Mol-
lon, 1978; Dartnall, Bowmaker, & Mollon, 1983; Sch-
napf, Kraft, & Baylor, 1987; Tovee, 1994). To date,
extensive studies have been performed on human opsin
genes. Of these genes, L and M opsin genes are highly
homologous to each other, showing 98% identity at the
nucleotide level. They are located on the X chromosome
(Xq28) in a head-to-tail tandem array of L opsin gene
and the M opsin gene in the 50 to 30 direction (Feil,
Aubourg, Heilig, & Mandel, 1990; Nathans, Piantanida,
Eddy, Shows, & Hogness, 1986; Nathans, Thomas, &
Hogness, 1986; Vollrath, Nathans, & Davis, 1988). The
genes for the S opsin and rod opsin, are located on
chromosomes 7 and 3, respectively, and the opsin pro-
teins exhibit approximately 40% amino acid identity to
L or M opsins. These data suggest that the L and M
opsin genes were generated by a recent gene duplication
event occurring approximately 40 million years ago.
This gene array consisting of a single L opsin gene
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followed by a single M opsin gene is a prototype in Old
World primates.
Since these structural features of the loci often cause
rearrangement of the L and the M genes, these two
genes are highly polymorphic in humans. Both inter-
genic and intragenic unequal crossing-over and gene
conversion have been proposed to generate such varia-
tions (Deeb et al., 1992; Nathans, 1999; Neitz, Neitz, &
Kainz, 1996; Shyue et al., 1995; Shyue, Li, Chang, & Li,
1994), and most of the color vision deﬁciencies (di-
chromacies and anomalous trichromacies) in humans
arise from this polymorphic variation. Dichromats
(protanopia and deutranopia) have lost one of the two
genes. Intragenic crossing-over or gene conversion bet-
ween the L and M genes results in the formation of an L/
M hybrid opsin consisting of portions of the L and M
opsins. The wavelength at the absorption maximum
(kmax) for the hybrid pigment is slightly shifted from that
for the original L and M pigments (Asenjo, Rim, &
Oprian, 1994; Merbs & Nathans, 1992). Individuals who
have M and M-like pigments exhibit protanomalous
trichromatic color vision, and those who have L and L-
like pigments exhibit deutranomalous trichromatic color
vision (Deeb et al., 1992). Among Caucasian males, the
frequency of individuals with color vision deﬁciencies is
8%. In addition, there are individuals with normal color
vision who have a gene array consisting of a single L
gene and more than one M opsin genes. Among Cau-
casian males, 66% exhibit this genotype (Drummond-
Borg, Deeb, & Motulsky, 1989). As much as 56% of
Japanese males also exhibit this genotype (Hayashi,
Ueyama, Tanabe, Yamade, & Kani, 2001). These results
suggest that a large percentage of the human population
have genotypes of a nonprototypical gene array.
As for nonhuman Old World primates, partial nu-
cleotide sequences of the L and M opsin genes have been
reported (Dulai, Bowmaker, Mollon, & Hunt, 1994;
Ibbotson, Hunt, Bowmaker, & Mollon, 1992). The se-
quence data suggest that the basic gene structure of the
L and M opsin gene loci is essentially identical among
Old World primates. However, of a total of 573 Old
World monkeys and apes in 87 various studies since
1965, no color vision deﬁciency was found (Jacobs &
Williams, 2001). We have previously analyzed a number
of genomic DNAs of macaque monkeys to ﬁnd indi-
viduals with a single gene array on the locus using a
molecular genetical method (Onishi et al., 1999) and
found only three crab-eating monkeys among 19 species.
The low frequency of individuals with a single gene
array on the locus in crab-eating monkeys suggests that
there are mechanisms causing diﬀerences in the genetic
variations within each species population. A classical
selection pressure hypothesis might account for this
diﬀerence (Jacobs et al., 2001). In addition, a bottleneck
eﬀect, diﬀerences in recombination frequency, neutral
drift, and diﬀerence in spread of a genotype due to the
ecological features of each species would also be possible
candidates to explain the diﬀerences in the genetic
variation. To gain insight into the above-mentioned
phenomenon, we investigated two diﬀerent genotype
variants of the L and M genes in the crab-eating mon-
keys. One was a typical dichromatic genotype that car-
ries only one opsin gene in this locus, and the other was
the genotype that has multiple-arrayed opsin genes
with normal color vision phenotype. We chose these two
genotypes because the former would be aﬀected to a
greater extent by a high degree of selection pressure than
the latter would be. As a result, the dichromatic geno-
type (protanopia) was found only in Pangandaran Na-
tional Park, West Java, Indonesia and this genotype
is limited to three subgroups in this area. Individuals
that have multiple M genes were found with a much
lower frequency among crab-eating monkeys than
among humans. This genotype was also limited to South
Thailand. Although the same type of genetic variants
were found in both humans and crab-eating monkeys,
the percentages of each variants were quite diﬀerent
between the two species.
2. Materials and methods
2.1. DNA samples
Genomic DNAs of 2788 macaque monkeys were used
for the initial screening in this study, and the species and
sexes of the monkeys are listed in Table 1. DNA samples
(1263 samples) were collected by B.S. and P.V. from
monkeys in Indonesia and Thailand, respectively. An
additional 1525 DNA samples (1195 from the Tsukuba
Primate Center, 227 from the Primate Research Insti-
tute, Kyoto University, and 103 from the Japan Monkey
Centre) were extracted from whole blood using the
DNA Microextraction Kit (Stratagene) and the QIA-
amp DNA Blood Mini Kit (Qiagen). Some DNA sam-
ples (130 samples) of the male crab-eating monkeys were
selected and used for Southern blot analysis.
For research on the monkeys in Pangandaran Na-
tional Park, monkeys were caught with the approval of
the Ministry of Forestry of Indonesia. All procedures
related to animal care and experimentation were in ac-
cordance with the NIH Guide for the Care and Use
of Laboratory Animals (1996). Once blood samples
were collected, monkeys were released and DNAs were
extracted using the QIAamp DNA Blood Mini Kit
(Qiagen).
2.2. Polymerase chain reaction
A 189-bp region in the exon 5 of the L and M opsin
genes was ampliﬁed using two primers: 50-AAA GTC
GAC GAA TCC ACC CAG AAG GCA GAG-30 and
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50-ATA GGA TCC GGG GTT GTA GAT AGT GGC
ACT-30. A polymerase chain reaction (PCR) mixture (25
ll) contained approximately 200 ng of genomic DNA,
5 pmol of each primer and 0.1 unit of ExTaq DNA
polymerase (TaKaRa) according to the manufacturer’s
recommendations. PCR parameters were as follows:
94 C for 10 min, 40 cycles each of 94 C for 0.5 min,
60 C for 0.5 min and 72 C for 0.5 min, and 72 C for
10 min. The PCR products were digested with the MboI
restriction enzyme and separated by electrophoresis on
3% agarose gels (Onishi et al., 1999).
In addition, a 1.6-kb DNA fragment of intron 4 of
the L and M genes was ampliﬁed to check the point of
recombination of the opsin genes (gene-speciﬁc PCR).
Speciﬁc primers were designed based on the nucleotide
sequences of exons 4 and 5 of the L and M opsin genes.
Ex4R: 50-GTC CTC ATG GTC ACC TGC TGC
ATC ATT CCA CTG GCT-30 and Ex4G: 50-GTC CTC
ATG GTC ACC TGC TGC ATC ACC CCA CTC
ACC-30 were speciﬁc for exon 4 of the L and M opsin
genes, respectively; Ex5R: 50-GGT GTA GGG TCC
CCA GCA GAC GCA GTA TGC GAA GAT-30 and
Ex5G: 50-GGT GTA GGG TCC CCA GCA GAA
GCA GAA CGC CAG GAA-30 were speciﬁc for exon 5
of the L and M opsin genes, respectively. The reaction
mixture was the same as above and the parameters were
as follows: 94 C for 10 min, 40 cycles of 94 C for 0.5
min, 65 C for 0.5 min, 72 C for 1.5 min, and 72 C for
10 min. All four possible combinations of primers were
tested.
2.3. Cloning of opsin DNAs
The retina and liver of crab-eating monkey no. 1114
were generously provided by the Japan Poliomyelitis
Research Institute. RNA was isolated from the retina of
the crab-eating monkey and the full-length complimen-
tary DNAs (cDNAs) for L, M and S opsin genes were
obtained using a reverse transcription-polymerase chain
reaction (RT-PCR). The sequences of the primers were
complementary to the human opsin sequences and re-
striction enzyme sites were introduced at the 50 ends.
Two primers, RG5H: 50-CCG AAG CTT GTC GGG
GAC AGG GCT TTC CAT-30 and RG311K: 50-GTG
GGT ACC ATG GGT AGG AGG CAG ATC TCA-30,
were used for ampliﬁcation of the L and M cDNAs.
Two primers, B51H: 50-AGG AAG CTT GGC ATC
CAT GAG AAA AAT GTC-30 and B31K: 50-TGT
GGT ACC CAG GCC AAT ATT GGG TCC TCA-30,
were used for ampliﬁcation of the cDNA for the S opsin
gene. Genomic clones encoding the cone opsins from
the wild-type (no. 1114) and a dichromatic monkey (no.
2727) were isolated by screening genomic libraries con-
structed in k DASH II (Stratagene). A full-length cDNA
for the S opsin and genomic DNA fragments for each of
the six exons of the L opsin gene labeled with 32P were
used as probes. Screening 1:4 106 phage plaques yiel-
ded 17 and 8 clones from the genomic libraries of the
wild-type and the dichromatic monkey, respectively,
using L opsin gene probes. The same membranes were
reprobed with the S opsin gene probe, and six and four
Table 1
List of macaque DNA samples used for the initial screening and the number of the monkeys with a single gene array (R4G5 genotype)
Male Female Total Single gene array
(R4G5 genotype)
Macaca fascicularis 643 1042 1685 3
Other macaques
Macaca arctoides 1 2 3 0
Macaca assamenis 4 3 7 0
Macaca brunnescens 7 5 12 0
Macaca cyclopis 1 2 3 0
Macaca fuscata 297 460 757 0
Macaca hecki 6 5 11 0
Macaca maurus 12 8 20 0
Macaca mulatta 54 107 161 0
Macaca nemestrina 9 17 26 0
Macaca nigra 5 7 12 0
Macaca ochreata 10 6 16 0
Macaca radiata 3 2 5 0
Macaca silenus 7 2 9 0
Macaca sinica 2 2 4 0
Macaca sylvanus 3 0 3 0
Macaca thibetana 1 3 4 0
Macaca tonkeana 5 11 16 0
Sulawesi macaque 22 12 34 0
Total 1092 1696 2788 3
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clones were picked up from the genomic libraries for the
wild-type and the dichromatic monkey, respectively. A
restriction map of each clone was constructed by di-
gestion with the 14 kinds of restriction enzymes as fol-
lows: AccI, BamHI, ClaI, EcoRI, EcoRV, HindIII,
KpnI, PstI,SacI, SacII, SmaI, SpeI, XbaI and XhoI. The
digests were analyzed on 1% agarose gels, blotted onto
Hybond-N+ membranes (Amersham Pharmacia), and
hybridized with 32P-labeled probes from six L exons.
L, M and S opsin DNAs were cloned into pBluescript
II (Stratagene) and sequenced on the 377 Genetic Ana-
lyzer (Perkin Elmer), using the reagent kit supplied by
the instrument manufacturer.
Accession numbers of nucleotide sequences are as
follows. L cDNA: AF158968, M cDNA: AF158975, six
exons of the L/M hybrid gene (R4G5): AF158969 to AF
158974, S cDNA: AF158977, and S genomic DNA:
AF158976.
2.4. Quantitative Southern blotting
A total of 1 lg of genomic DNA digested with the
PstI and MboI restriction enzymes was separated by
electrophoresis on 0.7% SeaKem GTG agarose gels and
2% Nusieve GTG agarose gels (FMC BioProducts),
respectively, and blotted onto Hybond-N+ membranes.
Using 32P-labeled probes from exons 1 and 5 of the L
gene and 50 half of the exon 4 of the S gene (shown in
Fig. 2A), membranes were hybridized for 6 h at 65 C in
a RapidHyb Buﬀer (Amersham Pharmacia) and washed
twice in 0:1 SSC and 0.1% SDS at 65 C. Autoradio-
graphy was performed at 70 C with intensifying
screens. Using the BAS2000 image analyzer (Fuji Film),
the relative densitometry intensities of six DNA frag-
ments were assessed. The L gene fragments (Pr and Mr),
M gene fragments (Pg and Mg) and S gene fragments
(Pb and Mb) were detected on the genomic Southern
blots of PstI-(PstI blot) and MboI-(MboI blot) digested
genomic DNA as shown in Figs. 2 and 4. The copy
numbers of the L and M opsin genes from each blotting
were calculated according to the following formulae:
Copy number of the L gene estimated from the
PstI blot ¼ ðPr=PbÞ=ðPr1114=Pb1114Þ
Copy number of the L gene estimated form the
MboI blot ¼ ðMr=MbÞ=ðMr1114=Mb1114Þ
Copy number of the M gene estimated from the
PstI blot ¼ ðPg=PbÞ=ðPg1114=Pb1114Þ
Copy number of the M gene estimated from the
MboI blot ¼ ðMg=MbÞ=ðMg1114=Mb1114Þ
where, Pr, Pg, Pb, Mr, Mg, and Mb, represent the inten-
sities of the hybridization signals of the corresponding
band for each sample. Pr1114, Pg1114, Pb1114, Mr1114,
Mg1114, and Mb1114 represent those for the control sam-
ple, no. 1114, that has a single L and a single M gene
identiﬁed by a physical map.
3. Results
3.1. Gene structure of L and M opsin genes of crab-eating
monkeys (Macaca fascicularis)
The partial nucleotide sequence data suggests that the
gene structure of the L and M opsin of crab-eating
monkeys are essentially identical to those of the human
genes. To conﬁrm this, we determined the structure of
genomic and complimentary DNAs from a male crab-
eating monkey, no. 1114. We cloned the cDNAs for the
L and M opsin genes from the retina of no. 1114 by RT-
PCR and the sequences were determined. We con-
structed a genomic DNA library from the liver DNA of
no. 1114, and screened the phage clones that hybridized
to L and S opsin genes.
The nucleotide and the deduced amino acid sequences
of the L and M opsin cDNAs are shown in Fig. 1. L and
M are 99% and 96% identical at the nucleotide and
amino acid level, respectively. Physical maps of the L
and M genes were constructed, and the two genes were
found to be tandemly arrayed in a head-to-tail manner
(Fig. 2A). The L opsin gene was located on the 50 side of
theMopsin gene. Both of the L and theM gene units were
36-kb in length. Thus, we considered the cDNA sequences
and the genetic map of no. 1114 as a representative of
crab-eating monkeys with normal color vision. Although
this monkey was not tested for color vision phenotype,
monkeys having the same genotype exhibited normal
sensitivity to long- and middle-wavelength lights judged
by ERG experiments (Hanazawa et al., 2001).
Among humans, some individuals have an L gene
which is 1.3-kb longer than the M gene due to the in-
sertion of Alu repetitive sequences into intron 1 (Feil
et al., 1990; Meagher, Jørgensen, & Deeb, 1996; Na-
thans et al., 1986). This kind of size diﬀerence between
the L and the M opsin genes was not observed in
monkey no. 1114. Furthermore, there were no length
variations observed following the digestion of genomic
DNA with 13 six-base-recognition restriction enzymes
except for PstI, indicating that the two genes were quite
homologous with respect to nucleotide sequence in-
cluding that of the intron region.
3.2. Three dichromatic crab-eating monkeys were identi-
ﬁed upon analysis of DNA samples from 2788 macaque
monkeys
As we reported previously, we ﬁrst tried to identify
individuals that lacked either of the opsin genes using a
combination of PCR and restriction enzyme digestion
284 A. Onishi et al. / Vision Research 42 (2002) 281–292
(Onishi et al., 1999). We tested 1685 DNA samples from
crab-eating monkeys (643 males and 1042 females) listed
in Table 1. In addition, 1103 DNA samples (455 males
and 648 females) from other macaque species were ex-
amined. These DNA samples were mainly collected
from monkeys living in Southeast to East Asia including
Japan. We found that three crab-eating monkeys (nos.
2713, 2727 and 2731) from the Pangandaran area car-
ried only exon 5 of the M gene. No dichromatic candi-
dates have been found in other macaque species to date.
To conﬁrm that the crab-eating monkey, no. 2727,
had indeed a single gene array, we constructed a genetic
Fig. 1. Sequence alignments of L and M opsin cDNAs. 1114 L and 1114 M represent L and M opsin cDNA sequences of monkey no. 1114, re-
spectively. 2727 indicates the predicted cDNA sequence that is a combination of each exon of the R4G5 hybrid gene of monkey no. 2727. Dots
indicate nucleotides identical to those of the 1114 L sequence. Deduced amino acid sequences of the 1114 L and the 1114 M opsins are indicated
above and below each nucleotide sequence. Boxed numbers indicate the locations of the ﬁve introns. AnMboI restriction site at codons 273 and 274,
which is used for discrimination of L and M exon 5 PCR fragments, is underlined. Amino acids 277 and 285 responsible for L-M spectral tuning are
boxed with squares. Note that the nucleotide sequence of 2727, which is indicated by gray-scale boxes, is identical to those of exons 1–4 in the L genes
and identical to those of exons 5 and 6 in the M gene.
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map of the opsin gene loci from this monkey and se-
quenced each exon. As a result, monkey no. 2727 had
only one L/M hybrid gene (Fig. 2A). Nucleotide se-
quence alignments with the L and the M opsin cDNAs
of no. 1114 (Fig. 1) revealed that monkey no. 2727
carried a hybrid opsin gene that had exons 1–4 identical
to those of the L gene and exons 5 and 6 identical to
those of the M gene (R4G5).
To determine the genotypes of the two individuals
(nos. 2713 and 2731), we performed Southern blot
analysis (Fig. 2B). To visualize L and M genes sepa-
rately, two genomic blots digested with PstI and MboI
were hybridized with probes of the exon 1 and the 50 half
of exon 5, respectively. Samples from monkeys nos.
2713 and 2731 exhibited only Pr and Mg fragments
identical to those from monkey no. 2727 (lane 3). This
result indicates that the two other individuals also had a
hybrid gene consisting of the 50 portion of the L gene
and the 30 portion of the M gene. To determine whether
the point of fusion of the two genes occurs in the same
position as for no. 2727, gene-speciﬁc PCR analysis was
performed using speciﬁc primers for exons 4 and 5 of the
L and M genes (Fig. 3) (Deeb et al., 1992). In the case of
normal monkeys (e.g., no. 1114), ampliﬁcation of intron
4 (1.6-kb) was observed using two sets of primer pairs,
Ex4R–Ex5R and Ex4G–Ex5G. In the case of the indi-
viduals, nos. 2713 and 2731, intron 4 was ampliﬁed
using only the Ex4R–Ex5G primer pair, as was the case
for no. 2727. Therefore, it is likely that all the three
monkeys were inherited from the common ancestor, that
is, they had the same color vision genotype composed of
a S gene and the R4G5 hybrid gene (R4G5 genotype).
As previously reported, the kmax of the L, M, R4G5
hybrid opsins expressed in cultured cells are 564, 532,
and 538 nm, respectively, indicating that the three
monkeys are protanopic (L-absent) (Onishi et al., 1999).
In addition, the phenotype of monkeys that exhibited
the R4G5 genotype was investigated by ERG. The re-
sults suggested the absence of L cones in these candi-
dates (Hanazawa et al., 2001).
Fig. 2. Southern blot analysis of the genomic DNA of three dichromatic monkeys. (A) Physical maps of L and M gene loci of nos. 1114 (normal) and
2727 (dichromat). A restriction site for EcoRI (E) is only shown. Solid and open boxes indicate the exons of L and M opsin genes, respectively. Scale
bar: 4 kb. The DNA fragments used for probes are indicated by short bars with arrows above the map. PstI and MboI fragments exhibiting length
variation are shown below the two maps. Pr (2.7 kb) and Pg (5.0 kb) are PstI fragments derived from the L and the M opsin genes, respectively, and
visualized with the exon 1 probe. Mr (184 bp) and Mg (490 bp) areMboI fragments derived from the L and M genes, respectively, visualized with the
exon 5 probe. (B) Southern blots of the genomic DNA of dichromatic monkeys. The left panel, PstI blots; the right panel, MboI blots. Pb (7.0 kb)
and Mb (239 bp) are fragments identiﬁed on the PstI and MboI blots, respectively, using the 50 half of the exon 4 of the S gene as a probe. Lane 1,
genomic DNA of no. 1114 (a single L and a single M gene); lanes 2–4, genomic DNA of nos. 2713, 2727 and 2731 (dichromats).
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3.3. Limited distribution of dichromatic monkeys in the
Pangandaran area
The gene-speciﬁc PCR analysis enabled us to detect
the R4G5 hybrid gene in female heterozygotes that
carried two alleles on X chromosome, one of which is
the hybrid (R4G5) and the other of which is normal.
Namely, as shown for monkeys nos. 2702 and 2732 in
Fig. 3, the intron 4 was ampliﬁed using three sets of
primer pairs, Ex4R–Ex5R, Ex4G–Ex5G and Ex4R–
Ex5G. We then determined the genetic frequency of the
R4G5 hybrid genes in the Pangandaran area to deter-
mine the spread of the genotype. We identiﬁed eight
subgroups in Pangandaran National Park, each of
which was composed of about 50 monkeys. Upon ana-
lysis of 212 DNA samples collected from 1997 to 2000
(some DNA samples may overlap because the monkeys
were released after blood sampling), ﬁve males and ten
females were shown to have the R4G5 hybrid gene.
Table 2 shows the distribution of monkeys that carry
the R4G5 allele. The monkeys belonged to three neigh-
boring groups named Goa Jepang, Goa Parat and
Cirengganis. No such monkeys were found in other
groups. This result indicates that distribution of the
Fig. 3. Gene-speciﬁc PCR across intron 4 to detect the R4G5 genotype of crab-eating monkeys in the Pangandaran area. (A) The nucleotide se-
quences of primers. Bold characters show the nucleotides speciﬁc to L or M opsin genes. (B) Diagram (not scaled) of gene-speciﬁc PCR. Solid and
open boxes indicate the exons of L and M opsin genes, respectively. The position of each primer is indicated by a small arrow. The primer pairs
Ex4R–Ex5R, Ex4G–Ex5G and Ex4R–Ex5G can amplify the intron 4 of the L, M, and R4G5 hybrid genes, respectively. (C) Electrophoresis using
DNA samples collected in 1997. Genomic DNA samples isolated from monkeys having the various L-M arrays were used for ampliﬁcation. no. 1114,
normal control having the prototype gene array with a single L and a single M opsin gene; nos. 2713, 2727 and 2731, dichromats carrying the R4G5
allele; 2702, 2732, carrier females carrying the normal and the R4G5 alleles. A further 45 DNA samples collected in 1997 showed normal patterns
identical to those of no. 1114. This analysis was also performed using DNA samples collected from 1998 to 2000 (results are listed in Table 2). Note
that four crab-eating monkeys (dichromatic males: M5, M39, and carrier females: F49 and F58) used in ERG studies (Hanazawa et al., 2001) exhibit
identical results to the dichromats and the carriers, respectively, on the gene-speciﬁc PCR analysis.
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R4G5 hybrid gene is limited even within the Pangand-
aran area.
3.4. Variants with multiple M opsin genes
Since dichromatic monkeys were found only among
crab-eating monkeys (Onishi et al., 1999) and the
number of available DNA samples was large, we per-
formed detailed analyses of the genetic variations of this
species. We then focused on variants exhibiting unequal
crossing-over between the L and M genes which in-
creases the numbers of the L and M genes. We were
particularly interested in the multiple arrays of the M
gene. Since this genotype confers no disadvantage with
respect to color vision, the number of M genes would
change in the population independent of selection
pressure. Among humans, 66% of Caucasian males with
normal color vision possess more than one M genes
(Drummond-Borg et al., 1989). We performed similar
quantitative Southern blot analysis, as detailed in Fig. 2,
on the genomic DNA of the crab-eating monkeys with
normal color vision to detect individuals with multiple L
and M opsin genes (Fig. 4).
We examined 130 available DNA samples of male
crab-eating monkeys. As listed in Table 3, samples were
collected from 16 areas mainly located in Southeast
Asia. PstI and MboI genomic blots as described above
were hybridized with the exon 1 and the exon 5 probes,
respectively. In addition, a DNA fragment, the 50 half of
exon 4 of the S opsin gene, was co-hybridized to detect
Fig. 4. Southern blot analysis to estimate the copy number of the L and M genes. The same blotting procedure as described in Fig. 2 was performed
for 130 crab-eating monkeys (samples listed in Table 3). Genomic DNA samples from nos. 680, 1486, 1509, 1507, 1489, and 1503 showed strong Pg
and Mg hybridization signals, suggesting that they have the multiple M gene genotype. nos. 792, 1231, and 1515 were judged to have a single L and
a single M gene similar to no. 1114.
Table 2
A list of the monkeys with the R4G5 genotype for each subgroup in the Pangandaran area (M: male, F: female)
Group Year Total
1997 1998 1999 2000
Bony 0 1 0 0 1
Cikamal 3 22 2 1 28
Cirengganis 9 (F1) 7 (F1) 11 (M1/F1) 10 (F1) 37 (M1/F4)
Gua Jepang 10 (M1) 8 7 (F1) 11 36 (M1/F1)
Gua Parat 18 (M2/F1) 7 (F1) 19 (M1/F3) 4 48 (M3/F5)
Kantor 3 5 9 4 21
Muka Hitam 0 1 0 0 1
Pasir Putih 0 3 0 0 3
Other 7 17 6 7 37
Total 50 (M3/F2) 71 (M0/F2) 54 (M2/F5) 37 (M0/F1) 212 (M5/F10)
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an S opsin gene. Since the variation of S opsin gene in
number is not ever reported, the number of the S opsin
gene will be a good internal marker to standardize the
hybridization signals of L and M opsin genes. Using this
probe as an internal marker, the copy numbers of the L
and M opsin genes were estimated (for formulae see
Section 2). As a result, on blots, only six samples were
found that showed Pg and Mg bands of stronger in-
tensity than those of no. 1114, indicating that these six
monkeys had multiple M opsin genes. Most of monkey
samples (124 of 130) have a single L and a single M
opsin gene array. Fig. 5 shows schematic structures and
the numbers of variants based on the analysis of 133
samples including three dichromats. Individual monkeys
exhibiting multiple M opsin genes were much fewer than
among humans, suggesting that the frequency of this
genotype is lower than in humans.
3.5. Limited distribution of multiple M opsin genes
We determined whether multiple M opsin genes are
widely distributed or localized to a certain area. Inter-
estingly, one of the six monkeys exhibiting this geno-
type was derived from the Songkhla area, and the other
ﬁve from the Yala area, both of which are in South
Thailand. This indicates that distribution of the multiple
M gene genotypes is also limited. It is uncertain whether
the two monkey populations in these areas have genetic
communication, because the two areas are 100 km apart
and no other population located between the two areas
Table 3
DNA samples used in quantitative Southern blot analysis and numbers
of multiple M gene genotypes in each area
Origin of the samples Total Multiple M
Thailand
Central
Huaytataeng 6 0
Khao Ngu 3 0
Mahasara Kham 3 0
Nakhonsawan 2 0
Rayong 1 0
Roi-et 4 0
Tum Chompol 7 0
South
Phattalung 1 0
Songkhla 2 1
Yala 26 5
Indonesia
West Sumatra
Gunung Meru 4 0
Solear 4 0
West Java
Pangandaran 32 0
Sulawasia 3 0
Others
Chulalongkorn Universityb 16 0
Tsukuba Primate Centerc 19 0
Total 133 6
a Samples collected from several groups in Sulawesi island.
b Samples provided from Chulalongkorn University and collected
from several groups in many areas of Thailand. The areas where the
monkeys were caught are not known.
cMonkeys imported and bred from Indonesia, Thailand and the
Philippines.
Fig. 5. L and M gene patterns in 133 male crab-eating monkeys. Predicted L and M gene arrays are illustrated (left panel). Arrows are orientated
from 50 to 30 direction. Solid and open arrows represent L and M genes, respectively. The R4G5 hybrid gene is illustrated as a fusion of a solid and
open arrow (nos. 2713, 2727, and 2731). The structure of the L and M genes of no. 2727 was determined by the sequencing analysis of all exons. The
L and the M genes of other samples were identiﬁed only by the two genomic Southern blots using exon 1 and 5 probes and the gene-speciﬁc PCR.
Therefore, the order of the L and M gene in the array is tentative. The copy numbers of the L and M genes (right panel) were estimated from the
densitometric ratio ofPstI andMboI genomic Southern blots as described in Section 2. The values indicate the average standard deviation obtained
from ﬁve independent blots, and are presented beneath the blot name. no. 680 was found to have two M genes, and nos. 1486, 1489, 1503, 1507, and
1509 were found to have more than two M genes. A further 124 samples were estimated to exhibit the single L and M genotypes, and one repre-
sentative is shown in this ﬁgure (no. 1515).
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was examined. In the Songkhla area, it was diﬃcult to
estimate the frequency of multiple M gene genotypes,
since we investigated only two DNA samples, the result
of which was not statistically signiﬁcant as shown in
Table 3. In the Yala area, where we obtained 26 samples
for analysis, the frequency was estimated to be 20%.
However, we consider this value a preliminary one, be-
cause the characteristics of the monkey group in the
Yala area are not yet known. Neither the number of
subgroups nor group size have been ascertained in the
Yala area, as is has been done in the Pangandaran area.
4. Discussion
4.1. Reliability of the PCR/MboI assay and Southern
blotting
In human L and M opsins, amino acids 277 and 285
are mainly responsible for L–M spectral tuning (Asenjo
et al., 1994; Merbs & Nathans, 1992). Thus, analysis of
exon 5 is important for discriminating between the two
genes. An RsaI site, which includes the codon encoding
amino acid 277 and is present only in the L opsin gene in
humans, is used for the discrimination (Nathans et al.,
1986; Nathans et al., 1986). However, since the RsaI site
is not conserved among Old World monkeys, we de-
termined the nucleotide sequences of exon 5 of the L and
M genes of several monkeys. We found that an MboI
site (amino acids 273 and 274) is present in the L opsin
gene but not in the M opsin gene of all the Old World
monkeys tested. The MboI site is very close to the DNA
sequence encoding amino acids 277 and 285, which
suggests that the recombination frequency within this
region would be very low. Therefore, it is likely that the
MboI site and the absorption property of the pigment
are strongly linked. There were indeed no subjects ex-
hibiting recombination in the exon 5 region among ap-
proximately 100 crab-eating monkeys for which the L
and M genes sequenced (data not shown). During the
screening procedure, we only identiﬁed three monkeys
carrying an L opsin gene without the MboI site because
of a single nucleotide change that did not alter the
amino acid encoded. This type of mutation would aﬀect
the reliability of the assay. However, the frequency of
this mutation was not high and it was possible to further
investigate all the monkey DNA samples with such
mutation by sequencing the ampliﬁed fragments. Fur-
thermore, the result of Southern blotting using the PstI
enzyme, which is another marker for discriminating
between the L and M opsin genes, is quite consistent
with that using the MboI enzyme for 130 crab-eating
monkeys. These results suggest that our assay based on
PCR ampliﬁcation and MboI digestion is reliable
enough to discriminate the two genes.
There is a slight discrepancy in the quantitative
Southern blotting analyses of the L and M opsin genes
using PstI andMboI. This discrepancy is seen only in the
samples exhibiting a multiple M gene array (especially
more than twoM genes), and the reason is unknown. It is
possible that it becomes increasingly diﬃcult to quantify
copy number from the band intensity as the copy number
increases. However, this discrepancy does not alter the
fact that monkeys with a multiple M gene array exist.
Our quantitative Southern blotting, therefore, is suﬃ-
cient for our experimental purpose.
4.2. Comparisons between humans and monkeys
In humans, there are various L and M genotypes and
the frequency of each variant genotype is notably high.
However, only protanoia was found among the crab-
eating monkeys in the Pangandaran area, and no indi-
vidual with deuteranopic genotype was identiﬁed even
among 2788 macaque monkeys examined. The fre-
quency of dichromats was signiﬁcantly lower among
monkeys than among humans.
Deuteranomalous color vision (in 5% of Caucasian
males) is associated with an M and L hybrid existing at
the second position of the gene array (Hayashi, Motul-
sky, & Deeb, 1999). Since we did not ﬁnd any M/L
hybrid genes, the deuteranomalous gene array with the
L gene at the ﬁrst position and the M/L hybrid gene at
the second position was not present in our samples. This
suggests that the percentage of the deuteranomalous is
much lower in crab-eating monkeys than in humans.
This will be further analyzed with larger numbers of
samples.
Concerning the normal color vision genotypes among
human males, 66% of the total population have more
than one M genes (Drummond-Borg et al., 1989), while
only six crab-eating monkeys having more than one M
genes (5% of the total male population) were detected in
the Yala and Songkhla areas of South Thailand. Further-
more, the variants were found in locally restricted areas.
The existence of multiple M opsin genes in talapoin
monkeys was previously reported with Ibbotson et al.
(1992) ﬁnding considerable variation in the number of
M opsin genes in these monkeys. This suggests that
genetic variations diﬀer even among Old World mon-
keys. Further study using signiﬁcant numbers of other
macaque species is needed to address this issue.
Concerning the evolution of color vision in Old
World primates, the selection pressure hypothesis has
long been accepted. Based on this hypothesis, our data
suggest that the selection pressure for acute color vision
in macaques is higher than that in humans. Color vision
deﬁciencies might be disadvantageous for the survival of
crab-eating monkeys, because it is believed that their
trichromatic color vision co-evolved with the harvesting
of yellow and orange fruits which they could distinguish
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(Polyak, 1957) or young leaves which frequently ﬂush
red in the tropics against a background of mature fo-
liage (Dominy & Lucas, 2001). In fact, picking out fruits
in trees is one of the few tasks that human dichromats
cannot perform as well as trichromats. In addition,
Sumner and Mollon (2000a,b) indicated an advantage of
trichromacy over dichromacy for catarrhine eye. Theo-
retical modeling shows that trichromatic systems can
distinguish a diﬀerent color from a background, while
dichromatic systems do not have this ability. However,
the selection pressure hypothesis can only be applied to
dichromatic genotypes, because individuals that have
normal color vision with multiple M genes would not be
aﬀected by this natural selection pressure.
Regarding the diﬀerent frequencies of multiple M
arrays, other explanations apart from the selection
pressure hypothesis should also be discussed. The ﬁrst
possibility is the inﬂuence of a bottleneck eﬀect. If the
population of crab-eating monkeys decreased at any
time, the present population should reﬂect the genetic
background of the founder population. Our data imply
that the founder population consisted mainly of indi-
viduals that had a single L and a single M gene and
rarely individuals with dichromatic and multiple M gene
genotypes. In humans, if a bottleneck eﬀect exists, the
founder population would consist of more individuals
with dichromatic and multiple M gene genotypes than
observed among the crab-eating monkeys.
Secondly, diﬀerent frequencies of each variant might
result from neutral drifts not only in humans but also in
crab-eating monkeys. In the Pangandaran area, the
frequency of color vision deﬁciencies was as high as 9%
in males (this value was calculated from the data in
1997), whereas it was 0% in other areas. In the Yala
area, 20% of monkeys exhibited multiple M gene ge-
notypes, while such monkeys were seldom found in
other regions. This unbalanced distribution (p < 0:01
for Pangandaran samples and p < 0:05 for Yala sam-
ples; chi-square test) is diﬃcult to explain only by the
selection pressure hypothesis but can be explained by
neutral drift of the genetic variants in the population.
Thirdly, the mutations might not spread quickly be-
cause monkeys migrate less than humans do in general.
Regional diﬀerences in L and M gene variants among
monkeys were very clear as described above. Our results
thus indicate that the variants may not have spread in the
species because the area in which the monkeys migrated
was limited. A similar case is also seen in the human
population. In the Pingelapese islands, Federated States
of Micronesia, about 5% of the population exhibit
complete achromatopsia, while it is very rare in the total
human population (Sundin et al., 2000). Since these is-
lands are located in the western Paciﬁc, far from any
continent, the mutation spreads in the islands possibly
because of a bottleneck eﬀect (Sundin et al., 2000) but
did not transmitted freely to other areas because this
area is isolated by the ocean. In addition, the frequency
of color vision deﬁciency is diﬀerent among the human
population groups (Fletcher & Voke, 1985). This may
also reﬂect regional isolation of human populations.
From another point of view, low frequency of
color vision deﬁciency may correlates with the low fre-
quency of multiple gene array. Drummond-Borg et al.
(1989) have suggested that once a multiple gene array is
formed, it would increase the possibility of unequal
crossing-over. This might happen in human lineages, and
the multiple opsin gene genotypes might spread. The
frequency of unequal crossing over in L and M opsin
gene loci, therefore, might be diﬀerent between in humans
and crab-eating monkeys. In crab-eating monkeys, in-
dividuals with the diﬀerent numbers of multiple M opsin
genes were found only in Thailand. The recombination
events occurred many times in the monkeys in this area,
suggesting that genetic recombination might be acceler-
ated only in this area. This observation may ﬁt the
Drummond-Borg’s hypothesis. Jacobs et al. (2001) also
pointed out that populations that are more likely to have
only a single M opsin gene exhibit a lower incidence of
color vision deﬁciencies (Hayashi et al., 2001; Jacobs
et al., 2001; Jørgensen, Deeb, & Motulsky, 1990). Our
results echoed their expectation, but the correlation
mechanisms remain to be investigated.
In conclusion, the low frequency of the dichromatic
genotype among crab-eating monkeys might not be ex-
plicable only by the simple selection pressure hypothesis,
since the multiple M gene arrays, which are not inﬂu-
enced by selection pressure, are not as abundant as in
humans. As discussed above, many factors in combi-
nation may contribute to the determination of genetic
variation. The mechanisms underlying the genetic vari-
ations observed remain to be elucidated. For example,
behavioral analyses of the dichromatic monkeys in a
cage or ﬁeld may determine whether any selection
pressure exists for the loss of trichromatic color vision.
The monkeys in the Pangandaran and Yala areas are
important models for studying the evolution of color
vision in higher primates.
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